The physiology of ethanologenic Escherichia coli grown anaerobically in alkali-pretreated plant hydrolysates is complex and not well studied. To gain insight into how E. coli responds to such hydrolysates, we studied an E. coli K-12 ethanologen fermenting a hydrolysate prepared from corn stover pretreated by ammonia fiber expansion. Despite the high sugar content (ϳ6% glucose, 3% xylose) and relatively low toxicity of this hydrolysate, E. coli ceased growth long before glucose was depleted. Nevertheless, the cells remained metabolically active and continued conversion of glucose to ethanol until all glucose was consumed. Gene expression profiling revealed complex and changing patterns of metabolic physiology and cellular stress responses during an exponential growth phase, a transition phase, and the glycolytically active stationary phase. During the exponential and transition phases, high cell maintenance and stress response costs were mitigated, in part, by free amino acids available in the hydrolysate. However, after the majority of amino acids were depleted, the cells entered stationary phase, and ATP derived from glucose fermentation was consumed entirely by the demands of cell maintenance in the hydrolysate. Comparative gene expression profiling and metabolic modeling of the ethanologen suggested that the high energetic cost of mitigating osmotic, lignotoxin, and ethanol stress collectively limits growth, sugar utilization rates, and ethanol yields in alkali-pretreated lignocellulosic hydrolysates.
The physiology of ethanologenic Escherichia coli grown anaerobically in alkali-pretreated plant hydrolysates is complex and not well studied. To gain insight into how E. coli responds to such hydrolysates, we studied an E. coli K-12 ethanologen fermenting a hydrolysate prepared from corn stover pretreated by ammonia fiber expansion. Despite the high sugar content (ϳ6% glucose, 3% xylose) and relatively low toxicity of this hydrolysate, E. coli ceased growth long before glucose was depleted. Nevertheless, the cells remained metabolically active and continued conversion of glucose to ethanol until all glucose was consumed. Gene expression profiling revealed complex and changing patterns of metabolic physiology and cellular stress responses during an exponential growth phase, a transition phase, and the glycolytically active stationary phase. During the exponential and transition phases, high cell maintenance and stress response costs were mitigated, in part, by free amino acids available in the hydrolysate. However, after the majority of amino acids were depleted, the cells entered stationary phase, and ATP derived from glucose fermentation was consumed entirely by the demands of cell maintenance in the hydrolysate. Comparative gene expression profiling and metabolic modeling of the ethanologen suggested that the high energetic cost of mitigating osmotic, lignotoxin, and ethanol stress collectively limits growth, sugar utilization rates, and ethanol yields in alkali-pretreated lignocellulosic hydrolysates.
E
scherichia coli is among the best-understood microorganisms and a workhorse for biotechnology, yet its anaerobic physiology in and cellular responses to the complex biomass hydrolysates essential to exploitation of lignocellulosic materials as feedstocks for conversion to chemicals and biofuels remain poorly understood. Conversion of sugars in lignocellulosic hydrolysates to ethanol is a well-developed system with which these questions can be studied (20, 43) . Production of lignocellulosic hydrolysates typically requires pretreatment with either an acid or a base, which release different lignin derivatives into hydrolysates (31, 49, 50) . We chose to investigate E. coli physiology during ethanologenesis in hydrolysates derived by alkaline pretreatment, specifically, ammonia fiber expansion (AFEX), because it yields a feedstock containing both C 5 and C 6 sugars and generates fewer lignin-derived inhibitors of microbial growth (19, 81, 82) . Furthermore, hydrolysates prepared from AFEX-pretreated biomass, such as AFEXpretreated corn stover hydrolysate (ACSH), are replete in nutrients and permissive to growth to the extent that engineered strains of E. coli can consistently produce significant amounts of ethanol from glucose (49, 50, 60, 66) .
E. coli is a particularly useful organism for design of strains to convert lignocellulosic hydrolysates, because it can use the most abundant hexoses and pentoses present in plant cell walls, and because its extensive study provides a wealth of assisting knowledge (44) . The E. coli W-derived strain KO11, which contains a PET cassette, comprised of the Zymomonas mobilis pyruvate decarboxylase (pdc) and alcohol dehydrogenase (adhB) genes, was among the first genetically engineered microbes designed for ethanol production (39, 64) . Subsequent improvement of KO11 by placing the PET cassette within an rRNA operon to increase Pdc and AdhB levels, additional pathway engineering, and directed evolution yielded robust E. coli ethanologens with improved ethanol yields, broadened sugar utilization, and increased ethanol tolerance (31, 52, (88) (89) (90) . Nonetheless, achieving efficient fermentation of concentrated hydrolysates by any microbial ethanologen remains challenging for multiple reasons (59) , including the high osmolarity of the medium (57, 67, 83) , the presence of lignin derivatives resulting from pretreatment and enzymatic hydrolysis (collectively known as lignotoxins) (93; X. Tang et al., unpublished data), the energetic and regulatory challenges of pentose sugar fermentation (36) , and the toxicity of the biofuels themselves (38, 46 ; D. H. Keating, M. Schwalbach, J. Peters, M. Tremaine, E. Pohlmann, F. Tran, J. Vinokur, A. Higbee, P. Kiley, and R. Landick, submitted for publication). Although many of weight basis). The reactor was heated to 100°C for 30 min, after which the pressure was rapidly released to allow the majority of the ammonia gas to escape. The resulting AFEX-treated biomass was transferred to plastic trays and allowed to stand overnight, allowing residual ammonia to evaporate. The entire pretreatment process was performed in a walk-in fume hood.
For hydrolysis, AFEX-pretreated corn stover (ϳ60 g glucan/liter; ϳ18% solids, adjusted for moisture content) was suspended in deionized water to a final volume of 10 liters. The mixture was autoclaved for 30 min, cooled to 50°C, and adjusted to 50 mM phosphate using 1 M K-PO 4 , pH 4.3. Hydrolysis was initiated by adding Genencor Accellerase 1500 to 15 g/liter (cellulase, ϳ2,500 U/g; ␤-galactosidase, ϳ650 U/g), Genencor Accellerase XY to 7.5 mg/ml (xylanase, ϳ25,000 U/g), and Multifect pectinase (ϳ155 U/g) to 7.5 g/liter. After 30 to 60 min, the mixture liquefied and was then adjusted to pH 4.9 using 10 N HCl. Hydrolysis proceeded for 7 days at 50°C, after which the remaining solids were removed by centrifugation (8, 200 ϫ g, 4°C, 10 to 12 h). The supernatant was filter sterilized in series through 0.5-m and 0.22-m filters prior to storage at 4°C. The resulting hydrolysate was used within 2 months. Prior to fermentation, the hydrolysate was adjusted to pH 7.0 using NaOH pellets and again filtered through a 0.22-m filter to remove precipitates and to ensure sterility.
ACSH and medium composition analysis. Samples for analysis of culture supernatants were obtained by centrifugation (10,000 ϫ g, 3 min, 4°C) and filter sterilization through a 0.22-m syringe filter. The elemental composition of ACSH or culture supernatant was determined using an inductively coupled plasma mass spectrometer (PlasmaQuad PQ2 Turbo Plus) at the UW-Madison Soils and Plant Analysis Lab (http://uwlab.soils .wisc.edu/madison). Carbohydrates in hydrolysate were quantified using high performance liquid chromatography and refractive index detection (HPLC-RID), nuclear magnetic resonance (NMR) (see below), and gas chromatography-mass spectrometry (GC-MS) as previously described (2) . ACSH osmolality was measured using a Wescor Vapro 5520 osmometer.
Amino acid concentrations were assayed at the Molecular Structure Facility laboratory located at University of California, Davis (http://msf .ucdavis.edu/). Two-milliliter supernatant samples were acidified with sulfosalicylic acid, stored overnight at Ϫ20°C, and then centrifuged (16,000 ϫ g, 5 min, room temperature) to remove intact proteins. The supernatant was then mixed with a lithium citrate buffer diluent and spiked with S-(2-aminoethyl)-L-cysteine as an internal standard, and amino acids were assayed on a Hitachi L-8900 amino acid analyzer using commercial standards (Sigma) and the EZ-Chrom software package (Hitachi). Methionine, tryptophan, cysteine, and isoleucine were not reliably detected in ACSH by this method.
Samples were prepared for NMR by addition of D 2 O (100 l) containing 6.6 mM 4,4-dimethyl-4-silapentane-1-sulfonic acid (DSS; chemical shift standard) and 500 M NaN 3 (microbial growth inhibitor) to 570 l of ACSH. The resulting solution was titrated with concentrated DCl or NaOD to pH 7.4. NMR analysis was conducted at the National Magnetic Resonance Facility at Madison on a Bruker Avance III spectrometer operating at 600 MHz for 1 H and equipped with a triple-resonance ( 1 H, 13 C, 15 N, 2 H lock) 1.7-mm cryogenic probe and an automated sample changer (SampleJet). The probe temperature was regulated at 298 K. The probe was tuned, matched, and locked to deuterium for the first sample. Sample shimming and the optimal 90°pulse width calibration were determined in an automated fashion; automated shimming was not always sufficient, and manual shimming was carried out when needed. For each sample, data were collected as 1 D 1 H and 2 D 1 H- 13 C HSQC (heteronuclear singlequantum coherence) spectra, processed with NMRPipe (22) , and analyzed using rNMR (51) . For metabolites quantified by 1 D 1 H, peak amplitudes were calibrated to DSS. For metabolites quantified by 2 D 1 H-13 C HSQC, concentrations were calculated using calibration curves from metabolite standards.
Synthetic hydrolysate and minimal glucose medium. A synthetic hydrolysate (SynH) was developed that approximated the composition of ACSH (see Table S1 in the supplemental material). D-Glucose (60 g/liter; 330 mM) and D-xylose (30 g/liter; 200 mM) were added to a minimal salts solution containing 64 mM KPO 4 (pH 7.1), 30 mM NH 4 SO 4 , micronutrients, and 100 M (each) adenine, guanine, cytosine, and uracil (see Table S1 ). Amino acids were added to approximately the concentrations detected in ACSH (see Table S1 ) plus 100 M methionine, 250 M isoleucine, and 50 M (each) tryptophan and cysteine (62) . The resulting SynH was filter sterilized through a 0.22-m membrane prior to use. Minimal M9 medium containing 10 g glucose/liter (GMM; 56 mM glucose) was prepared as described previously (62) .
Fermentation conditions. Fermentations were conducted in 2-liter glass vessels (Applikon Biotechnology) containing 1.2 liters of ACSH, GMM, or SynH. ACSH fermentations were conducted in duplicate; GMM and SynH fermentations were in triplicate. Prior to inoculation of anaerobic fermentations, the growth medium was sparged with 95% N 2 -5% CO 2 overnight, and gentamicin (Gent) was then added to 15 g/ml (to ensure retention of pJGG2). Inocula for ACSH fermentations were prepared from single colonies grown on LB-Gent plates from frozen stocks by initial aerobic growth in LB-Gent to mid-log phase (optical density at 600 nm [OD 600 ], ϳ0.3). Cells were diluted 10-fold into ACSH, grown overnight aerobically, transferred to fresh ACSH, grown anaerobically, and then diluted in anaerobic ACSH fermentation vessels to a starting OD 600 of 0.02 to 0.06. Inocula for fermentations in SynH or GMM were prepared similarly, except that SynH-Gent or GMM-Gent was used to dilute the initial LB-Gent culture and for subsequent steps. Fermentations were conducted at 37°C with constant stirring (300 rpm) and sparging (150 ml/min; 95% N 2 , 5% CO 2 ); neutral pH (7.0) was maintained by automated addition of 10 M NaOH. The apparent OD 600 of cells diluted 1:10 in water was determined using a Beckman Coulter DU720 spectrophotometer (1.3-mm slit width) in a 1-ml cuvette. Aerobic cultivation of MG1655 in GMM was carried out in sparged Roux bottles (500 ml/min; 69% N 2 , 30% O 2 , 1% CO 2 ) inoculated with cultures grown aerobically overnight in GMM.
In amino acid supplementation experiments, amino acids were added at final concentrations approximately three or eight times the amino acid concentrations in ACSH. Supplementation experiments in ACSH were conducted as single fermentations in Sartorius 500-ml fermentation vessels containing 300 ml of growth medium kept anaerobic as described above. Amino acid supplementation assays in SynH medium were conducted in duplicate in covered 2-ml, 96-well plates (Nunc U96) incubated for 48 h in an anaerobic chamber (sparged with 10% CO 2 , 10% H 2 , 80% N 2 ) prior to measurement of apparent OD 600 with a microtiter plate reader (Tecan Infinite M200).
End product analysis. Samples (2 ml) for end product analysis were collected throughout the fermentation. Cells were removed by centrifugation (10,000 ϫ g, 4°C, 3 min), and the supernatant was stored at Ϫ80°C prior to analysis. For each sample, glucose, xylose, glycerol, xylitol, succinic acid, lactic acid, formic acid, acetic acid, and ethanol were separated by high-performance liquid chromatography (HPLC) and subsequently quantified using refractive index detection (RID). HPLC-RID was conducted with an Agilent 1260 Infinity system (Agilent Technologies, Palo Alto, CA) equipped with an Aminex HPX-87H anion-exchange column, 300 by 7.8 mm (Bio-Rad, Hercules, CA). Samples were diluted with 9 volumes of H 2 O, injected into the HPLC-RID system (50-l injection volume), and eluted isocratically with 0.02 N H 2 SO 4 at a flow rate of 0.5 ml/min (RID flow cell, 45°C; column, 50°C). Reference compounds (Fisher Scientific) were diluted in H 2 O and used to generate a standard curve. Analyte concentrations were calculated using Chem Station software version B.04.03 (Agilent Technologies).
Intracellular ATP concentration. Cell samples (2 to 10 ml) were rapidly trapped on a 0.44-m nylon syringe filter (Millipore) using a 15-ml syringe as described previously (4) and then extracted by pushing 2 ml acetonitrile-methanol-water (40:40:20) , 0.1% formic acid through the filter into a 15-ml conical tube. The eluent was then pushed through the cells a second time, flash-frozen in a dry ice-ethanol bath, and stored at Ϫ80°C.
The intracellular extract was fractionated by anion-exchange chromatography (first mobile phase, 0.5 mM NaOH; second mobile phase, 50 mM NaOH; flow rate, 0.35 ml/min) using a Dionex IonPac AS-11HC column (2 by 250 mm) and ASRS 300 ion suppressor coupled to an Agilent 6460 QQQ mass spectrometer operated in MRM (multiple reaction monitoring) mode with negative-mode electrospray ionization (gas flow, 11 liter/min, 300°C; nebulizer pressure, 45 lb/in 2 ; sheath gas, 11 liters/ min, 360°C; capillary at 3,500 V; nozzle at 1,000 V), as described previously (84) . The resulting peak area was integrated, and concentrations of ATP in the extracts were determined by comparison to a standard curve. These values were corrected using similarly extracted uninoculated medium and then converted to intracellular molarity assuming 10 9 cells/ml OD 600 and a cell volume of 6.7 ϫ 10 Ϫ13 ml. Transcriptomic analysis. Cells (10 ml) for transcriptomic analysis were collected into tubes containing 1.25 ml ice-cold 5% (vol/vol) unbuffered phenol in ethanol (EP) and pelleted by centrifugation (10,000 ϫ g, 4°C, 3 min), as described previously (70) . To remove residual traces of hydrolysate, cell pellets were twice resuspended in ice-cold GMM plus 0.125 volume of EP, repelleted, then flash frozen in dry ice-ethanol, and stored at Ϫ80°C. RNA was extracted from cell pellets as described previously (70) , analyzed by agarose gel electrophoresis to confirm integrity, quantified using a Nanodrop spectrophotometer (Thermo Scientific), and stored at Ϫ80°C.
Transcript levels were measured using custom gene expression microarrays (Roche NimbleGen) that contained two copies of eight 70-nt single-stranded oligonucleotide probes for each E. coli open reading frame and for Z. mobilis pdc and adhB. Random hexamers and SuperScript double-stranded cDNA synthesis reagents (Invitrogen) were used to generate cDNA. Subsequent cDNA labeling and hybridization protocols were conducted according to the manufacturer's instructions (Roche NimbleGen). Hybridized arrays were scanned with a NimbleGen MS 200 microarray scanner, and the probe signal intensities were determined using NimbleScan v 2.6 (Roche NimbleGen). Probe signal intensities were preprocessed using robust multichip averaging (RMA) (15, 40) in the program ArrayStar (DNASTAR), and the resulting gene expression signals were quantile-normalized across all samples using the normalize.quantiles function in the Bioconductor package for R. Bioreplicates in the normalized data set were screened for a high degree of similarity (Pearson coefficient Ͼ 0.95) and dissimilar arrays were omitted from subsequent analyses. Significant expression changes were assigned to genes exhibiting a 2-fold or greater change in signal intensity and a Benjamini-Hochbergadjusted Student's t test P value of Ͻ0.05 in a given pairwise comparison. For processed array data, see Table S6 in the supplemental material.
Metabolic modeling. The iJR904 E. coli metabolic model (67) was used to estimate the minimal production of ATP consistent with the observed rates of growth, uptake, and secretion. Cells were assumed to be at steady-state with no net accumulation of intracellular metabolites and to have a mass of 2.14 g dry weight/liter per OD 600 (10) . To calculate the ATP production rates, reversible iJR904 reactions were split into forward and reverse reactions, and the rates of growth, carbohydrate uptake, and end product production were fixed to the observed values. The amount of ATP that is produced by the metabolic pathways was then determined using flux balance analysis (68) , where the total production of ATP was minimized using the reaction stoichiometry for ATP. Flux balance analysis predicts fluxes through metabolic reactions, where the total production rate minus the consumption rate for each metabolite is set to zero. In flux balance analysis, the values for individual reactions are also constrained using physiological rate measurements (e.g., uptake or growth rates).
Microarray database accession number. Array information and raw data are available from the Gene Expression Omnibus (accession no. GSE35049).
RESULTS
To study the behavior of an E. coli ethanologen in ACSH, we constructed strain GLBRCE1. GLBRCE1 was derived from the well-studied E. coli K-12 strain MG1655 (12) and was similar in design to the E. coli W ethanologen KO11 (64) . Unlike strain KO11, GLBRCE1 contained multiple sources of the Z. mobilis PET cassette: a single chromosomal copy in which expression of Z. mobilis pdc and adhB were driven by the pflB promoters (similar to KO11), and additional copies transcribed from a lac promoter in the low-copy-number plasmid pJGG2 (29) . GLBRCE1 also contained deletions of the genes encoding lactate dehydrogenase (ldhA) and acetate kinase (ackA) (Fig. 1A ; also, see Materials and Methods). GLBRCE1 was grown in a hydrolysate derived from ammonia-pretreated corn stover (ACSH; see Materials and Methods) that contained ϳ60 g glucose/liter (ϳ330 mM), ϳ30 g xylose/liter (ϳ200 mM), lesser amounts (Ͻ35 mM) of arabinose, galactose, mannose, rhamnose, and fucose, and amino acids (from 50 to 700 M) and other nutrients and minerals (see Tables S1, S2 , S4, and S5 in the supplemental material). To understand the metabolic changes that occur when E. coli K-12 uses ACSH as a carbon and energy source anaerobically (and thus inform the design of strains to ferment ACSH efficiently), we correlated changes in global gene expression with the rates of growth, sugar uptake, and production of end products.
GLBRCE1 grew robustly under anaerobic conditions in ACSH ( ϭ 0.37 h Ϫ1 ), 2.5-fold faster than in minimal salt 1% glucose medium (GMM; ϭ 0.17 h Ϫ1 ) ( Fig. 1B and C ; Table 1 ). Despite the high concentration of available glucose in the hydrolysate, only ϳ10% of the glucose was consumed during a relatively short exponential phase (Ͻ6 h). An additional ϳ15% of glucose was consumed during a protracted transition phase (from 6 to 22 h) that followed and during which growth slowed gradually (Fig. 1B) . Complete growth arrest occurred upon entry into stationary phase (22 h), but the cells remained metabolically active and continued assimilating the remaining glucose, albeit at lower rates per cell than observed during the exponential and transition phases ( Fig. 1B ; Table 1 ). Disruption of the genes for acetate kinase, lactate dehydrogenase, and pyruvate formate lyase were not responsible for growth arrest, because growth of the parental MG1655 strain containing pJGG2 underwent a similar metabolically active growth arrest in ACSH (data not shown). Furthermore, derivatives of GLBRCE1 containing just the vector or lacking any plasmid also stopped growing in ACSH prior to glucose depletion (data not shown). Growth arrest and the metabolically active stationary phase were of particular interest because they direct carbon to ethanol rather than to cell growth. To investigate these states and the multiphasic behavior of E. coli in ACSH generally, we used gene expression profiling coupled with substrate and end product measurements to examine how the physiology of E. coli changed in the different growth phases.
The global patterns of gene expression of GLBRCE1 in ACSH were dynamic but highly reproducible during the initial 52 h of the experiment (r 2 Ͼ 0.95), as illustrated by expression heat maps of the individual replicates (Fig. 2) . After ϳ70 h, the replicate patterns diverged, with a dramatic change in expression pattern in replicate 1 being evident at 70 h. This change corresponded to the time of glucose depletion, which occurred earlier in replicate 1 than replicate 2 (ϳ70 h versus ϳ100 h). Thus, we restricted our analysis of gene expression changes to times before 70 h and used the growth rates and expression heat maps to group samples into exponential, transition, and stationary phases (Fig. 2) . We describe key aspects of gene expression in each growth phase below. Sugar utilization and metabolic end product accumulation during growth of GLBRCE1 in AFEX-pretreated corn stover hydrolysate (ACSH). GLBRCE1 was cultured in a bioreactor under anaerobic conditions at 37°C, and samples were analyzed for cell density, sugars (glucose and xylose), and metabolic end products (ethanol and succinate) at the time points indicated. (C) Expanded view of sugar utilization and end product accumulation during the first 30 h of growth in ACSH. Blue, green, and red shading shows exponential, transition, and stationary phases, respectively. Error bars represent the ranges of the means of two or three biological replicates.
Distribution of carbon and energy sources in hydrolysates.
Despite the unusual growth behavior of the strain, glucose was fermented predominantly to ethanol (Fig. 1B) , as expected from the strain design. The rate of glucose uptake relative to cell density was maximal during exponential phase (13.6 mmol · unit of OD 600 Ϫ1 · h Ϫ1 ) ( Table 1) and then decreased by a factor of 3.7 in transition phase and by a further factor of 2 in stationary phase ( Table 1 ). The expression of the genes encoding enzymes in the glycolytic pathway and glucose transporters remained relatively high through the transition and stationary phases (see Fig. S3A in the supplemental material). The rate of ethanol production was generally correlated with glucose consumption, showing a high rate of production during exponential phase and a reduced rate during the transition and stationary phases even though transcript profiling indicated that expression of the PET cassette genes pdc and adhB remained high throughout (see Fig. S3A ). Overall net ethanol yield was 58 to 67% of the theoretical maximum, but this measure underestimated actual ethanol production, because some ethanol evaporated during fermentation. Ethanol evaporation at ϳ2 mM h Ϫ1 was evident after glucose depletion (Fig. 1A) ; this estimate was verified by detection of similar ethanol evaporation from uninoculated, identically sparged bioreactors containing 5% ethanol (data not shown).
Although glucose was ultimately consumed in its entirety, only a small amount of xylose was consumed over the course of the experiment (Յ10%) ( Fig. 1B ; also, see Tables S4 and S5 in the supplemental material). This result is expected with the GLBRCE1 design, which was not optimized for xylose utilization, and was consistent with the observed low expression of xylose utilization genes (xylE, xylFGH, and xylAB) ( Table 2 ; also, see Fig S3B in the supplemental material). Low expression of xylose genes likely reflected repression by arabinose-bound AraC (24), since ACSH contains 33 mM arabinose (see Table S1 in the supplemental material). Further, inducer exclusion by PtsG activated by glucose transport may also limit xylose uptake. Lesser amounts of mannose, fructose, galactose, and arabinose were also present in hydrolysate and represented minor pathways of carbon utilization (see Tables S1 and S5 in the supplemental material). Other potential substrates, such as acetate and glycerol, were not utilized as carbon sources by the ethanologen (see Tables S4 and S5 in the supplemental material).
Small amounts of the anaerobic respiratory substrate formate (11 mM) and the electron acceptor nitrate (ϳ270 M) were also present in ACSH (see Tables S1 and S2 in the supplemental material) but were rapidly consumed in exponential phase; these changes suggested that some anaerobic respiration occurred dur- ing initial cell growth. In accordance with the rapid loss of nitrate from the medium and the known nitrate-dependent expression of napFDAGHBC and fdnGHI (encoding the Nap periplasmic nitrate reductase and formate dehydrogenase-N, respectively), expression of these operons decreased 2-to 4-fold as cells entered transition phase (Table 2 ). It is unlikely that this limited anaerobic respiration contributed significantly to total ATP synthesis during the exponential phase, because glucose uptake rates were ϳ7-fold greater than formate uptake rates (Table 1) , and there was insufficient nitrate present to respire all of the formate. Rather, we hypothesize that most formate was likely oxidized to CO 2 and H 2 via formate hydrogenlyase, consistent with maximal expression of the genes (fdhF and hycABCDEFGI) encoding these enzymes early in exponential phase ( Table 2 ; also, see Table S6 in the supplemental material). Expression of genes encoding trimethylamine N-oxide reductase [torCAD; specifically inducible by trimethylamine N-oxide (8)] was highly upregulated compared to GMM-grown cells throughout all growth phases ( Table 2 ; also, see Table S6 in the supplemental material), suggesting that the electron acceptor trimethylamine N-oxide is also present in ACSH.
In addition to ethanol, the other significant and expected end product of ACSH fermentation by GLBRCE1 was succinate ( Fig.  1) , which accumulated to 62 to 76 mM (see Tables S4 and S5 in the supplemental material). During anaerobic growth, succinate is produced from oxaloacetate (OAA) by reversal of carbon flux through the tricarboxylic acid (TCA) cycle (Fig. 1A) (37, 64) . However, not all the succinate appeared to derive from glucose, because the aggregate rates of ethanol and succinate production during exponential and stationary phases exceeded what could be theoretically produced based only on the glucose uptake rate (Table 1). We investigated this question by testing specific gene deletions and found that, even though deletion of frdA eliminated succinate production, deletion of ppc, which encodes the phosphoenolpyruvate (PEP) carboxylase responsible for converting PEP to oxaloacetate (Fig. 1A) , eliminated only 50% of succinate production (data not shown). This result confirmed the idea that cells must utilize another succinate precursor in ACSH. Although a possible source would be aspartate or asparagine, which can be deaminated to oxaloacetate or fumarate, neither was present at a high enough concentration to contribute significantly to succinate production ( Fig. 3C ; also, see Table S1 in the supplemental material). An alternative source of succinate could be malate, which was present at 9 mM in ACSH and consumed (see Table S5 in the supplemental material). Additionally, citrate was a likely succinate precursor, based on the exceptionally high expression of the citrate-inducible citCDEFXG operon, which encodes citrate lyase ( Fig. 4A ; Table 3 ). Although difficult to quantify, citrate was detectable in ACSH (data not shown). We conclude that succinate was derived both from glucose and from alternate carbon sources, like malate and citrate, present in ACSH.
Depletion of amino acids from ACSH during growth. Free amino acids remain in corn stover after AFEX treatment (47) and are a logical contributor to cell growth. To determine if amino acids contributed to growth of ethanologenic E. coli in ACSH, we quantified the levels of the amino acids in the medium over the course of fermentation ( Fig. 3B and C) . We detected significant concentrations of alanine, aspartate, glutamate, phenylalanine, glycine, histidine, lysine, leucine, asparagine, proline, glutamine, arginine, serine, threonine, valine, and tyrosine, but isoleucine, methionine, tryptophan, and cysteine were not detected by the (log 2 ) and P value. Downregulated genes are represented by negative values. Genes with significantly different expression levels (Ͼ2-fold) are black or colored according to their functional classification, as defined on the right. (B) Mean expression of genes or operons associated with osmotic stress during growth of GLBRCE1 in ACSH and SynH during exponential and stationary phases. For ACSH in exponential phase, the data from 3, 5, and 6 h of growth were averaged; for ACSH in stationary phase, the data from 22, 28, and 52 h of growth were averaged (see Fig. 2) . Expression values are plotted as fold change relative to expression levels during exponential-phase (8 h) or stationary-phase (16 h) growth in GMM (Fig. 5 ). (C) Mean expression of genes or operons associated with ethanol stress during exponential, transition, and stationary phases during growth of GLBRCE1 in ACSH and SynH. ACSH exponential-phase and stationaryphase data were averaged as described for panel B; for ACSH in transition phase, the data from the 8-to 16-h time points were averaged (see Fig. 2) . Expression values are plotted as fold change with respect to expression level of the nonethanologenic E. coli strain MG1655 grown aerobically in GMM. (D) Expression of genes associated with efflux of toxic molecules during exponential, transition, and stationary phases of growth of GLBRCE1 in ACSH. ACSH data were averaged as described for panels B and C. Expression values represent fold change with respect to expression level of GLBRCE1 during the corresponding growth phase in SynH. Dashes represent no change. The P values for genes highlighted in dark red and blue ranged between 0.05 and 1eϪ5. Values highlighted in light red were marginally significant (elevated expression levels as indicated but P values were Ͼ0.05). assay we used, possibly due to interfering compounds in ACSH. During growth of the ethanologen, the concentrations of most amino acids decreased. However, the patterns of changes in amino acid concentrations were disparate and fell roughly into four groups. The first group (serine, asparagine, and histidine) was depleted from the medium in the first 3 to 6 h of incubation. A second group (glutamate, threonine, lysine, aspartate, and glutamine) was depleted later in the fermentation, after 10 to 14 h of incubation. The third group (valine, tyrosine, arginine, and leucine) remained detectable into stationary phase. Finally, a fourth group either remained nearly constant (glycine) or increased in concentration (phenylalanine, proline and alanine) over the course of the fermentation, suggesting net synthesis of these amino acids by the ethanologen. Expression levels of amino acid biosynthetic genes were broadly consistent with the patterns of amino acid depletion from ACSH. For example, expression of serAC and asnAB, thrAB, and aspC genes increased after approximately 8 to 12 h of growth, approximately the point at which these amino acids became undetectable (Table 2 ). In addition, gltB, gdhA, and glnA, which encode enzymes for glutamate and glutamine biosynthesis, were upregulated when the cognate amino acids became depleted (early in transition phase; 8 to 14 h). Coincident with the upregulation of gltB and gdhA, we observed increased expression of glnK and amtB. glnK encodes a PII protein that regulates Ntr gene expression when nitrogen is limiting (13, 76) . Upregulation of genes involved in nitrogen utilization likely represented a metabolic switch that occurred when the cells transitioned from use of glutamate and glutamine as a nitrogen source to synthesis of glutamate and glutamine from inorganic nitrogen sources, such as ammonia.
Transcriptional profiling indicated the initial presence of most acids in ACSH, including methionine, tryptophan, and isoleucine that escaped detection by direct assay. However, cysteine appeared to be absent in ACSH, as cysZCANHGWUDIPJ, which encode enzymes for cysteine biosynthesis, were expressed at levels similar to those observed in GMM even during exponential phase in ACSH (Table 2 ; also, see Table S6 in the supplemental material). In contrast, the trp and met operons were initially repressed in ACSH and reached GMM levels only in transition phase (Table 2; also, see Table S6 ); this pattern indicated that tryptophan and methionine were present in ACSH but were rapidly consumed. Expression of the biosynthetic genes for two amino acids diverged from this overall trend. Genes for biosynthesis of alanine (alaA, ilvE, and avtA) and proline (proAB) were expressed at high levels throughout the fermentation (Table 2 ; also, see Table S6 ), even though extracellular alanine and proline levels were high and increased over time (Fig. 3B) .
-cysteine, and Llysine (72) . With the exception of aspA, which encodes aspartate lyase, an enzyme that can degrade aspartate to fumarate, and ansB, which encodes asparaginase II and is involved in the degradation of asparagine to aspartate, expression of genes associated with amino acid degradation were expressed at low levels during growth in ACSH (Table 2 ; also, see Table S6 ). Thus, most amino acids present in ACSH were likely used as precursors for protein synthesis, rather than being catabolized for use as carbon sources.
Effect of amino acids on growth of the ethanologen in hydrolysate. Since the entry of the ethanologen into the transition and stationary phases correlated with the depletion of subsets of amino acids (Fig. 3) , we tested whether the slowing of E. coli growth in ACSH resulted from decreases in amino acids. We first tested supplementation of amino acids to three times the concentrations measured in ACSH (see Fig. S1 in the supplemental material), along with methionine (300 M), isoleucine (700 M), tryptophan (150 M), and cysteine (50 M). Increasing amino acid concentrations delayed entry into stationary phase, increased final cell density, and increased growth rate during transition phase (Fig. 5) . We concluded that amino acids significantly impact E. coli growth dynamics in ACSH.
We hypothesized two possible ways amino acids could improve growth. First, amino acids could provide osmolytes or osmolyte precursors to mitigate the osmotic stress caused by the concentrated hydrolysate medium. Second, amino acids could reduce the energetic load of amino acid biosynthesis, which could increase the energy available to combat stresses associated with growth in ACSH. To test these hypotheses, we compared gene expression in ACSH to that in synthetic, chemically defined medium.
Comparative transcriptomics suggests physiological roles of amino acids during growth in hydrolysate. GLBRCE1 grew at a uniform rate in GMM and entered stationary phase precipitously when glucose was exhausted (data not shown), without the apparent transition phase that was evident in ACSH and SynH (Fig. 5) . When grown in ACSH or SynH, GLBRCE1 exhibited similar exponential, transition, and stationary phases and reached comparable final cell densities before growth arrest (Fig. 5) . In addition, the strain produced similar amounts of ethanol (450 mM, SynH; (44) . b Fold changes are shown for the ratio of expression levels in ACSH exponential phase compared to SynH exponential phase (Exponential), ACSH transition phase compared to ACSH exponential phase (Transition), and ACSH stationary phase compared to ACSH transition phase (Stationary). The statistical significance of expression changes identified here range from a P value of 1.6 ϫ 10 Ϫ10 (guaB; Ϫ11.1-fold change in exponential phase) to 0.036 (citF; Ϫ8.9-fold change in stationary phase). The distribution of P values also is depicted in the volcano plots in Fig. 5A ; all but those for metE and citFDE are less than 0.01.
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May 2012 Volume 78 Number 9 aem.asm.org 3451 370 mM, ACSH), grew at similar exponential rates (0.37 h Ϫ1 , ACSH; 0.29 h Ϫ1 , SynH), assimilated glucose similarly (13 mM · unit of OD 600 · h Ϫ1 , SynH; 13.6 mM · unit of OD 600 · h Ϫ1 , ACSH) but exhibited somewhat different patterns of amino acid depletion (Table 1; also, see Tables S3 and S4 and Fig. S1 in the supplemental material). During stationary phase, the glucose uptake rate was slightly higher in SynH than in ACSH (2.6 versus 1.9 mM · unit of OD 600 · h Ϫ1 , respectively) ( Table 1) , which led to glucose being consumed more quickly in SynH than in ACSH (compare Tables S3 and S4 in the supplemental material). In addition, more xylose was consumed in SynH (Table 1; also, see Tables S3 and S4) . Strikingly, proline was rapidly depleted from SynH, in contrast to its accumulation in ACSH (see Fig. S1 ). Given that proline is a major osmoprotectant in E. coli, this led us to consider how osmotic stress may differ in ACSH and SynH.
Osmotic stress. Cells growing in concentrated lignocellulose hydrolysates are expected to experience osmotic stress due to the high sugar concentration (ϳ10%). The sugars and other solutes generate osmolality near one mol/kg, which decreases ϳ20 to 30% during fermentation (initial to final osmolality of 1.44 to 0.97 mol/kg for ACSH and 0.97 to 0.75 mol/kg for SynH). Such high solute levels are known to reduce growth rate, reduce ethanol yield, and inhibit xylose utilization by E. coli ethanologens (67, 83) .
Despite the slightly lower osmotic strength of SynH, osmotic stress responses were stronger in SynH than in ACSH. In SynH, genes typically induced by osmotic stress were upregulated relative to their expression in GMM. These included proVWX and proP, which encode transporters for the osmoprotectants glycine betaine and proline (9, 54, 55) , otsAB, which encode enzymes for synthesis of the osmoprotectant trehalose (32, 67) , and betABT, encoding enzymes for glycine betaine synthesis and transport (ϳ4-, ϳ3-, ϳ5-, and ϳ2-fold upregulation in SynH for proVWX, proP, otsAB, and betABT, respectively [ Fig. 4B ; Table 2 ]). To test whether growth in SynH depended on osmoprotectants, we measured final cell ODs for cultures incubated in SynH lacking amino acids and supplemented with different amino acids (Fig. 6 ). Without supplementation, GLBRCE1 did not grow, but proline, glycine betaine, or high concentrations of some amino acid combinations could restore growth ( Fig. 6 ; also, see Fig. S2 in the supplemental material). We conclude that alleviation of osmotic stress is a crucial contribution of amino acids to growth of GLBRCE1 in SynH.
However, gene expression patterns and supplementation revealed a somewhat different picture in ACSH. During exponential phase in ACSH, proVWX, proP, otsAB, and betABT exhibited less induction or even repression relative to GMM (1.3-, Ϫ1.5-, 2.1-, and 2-fold, respectively [ Fig. 4B ; Table 2 ]). Lower expression of proVWX and proP was consistent with the lack of proline depletion from ACSH (Fig. 3C) . As the cells entered stationary phase in ACSH, expression of proP and betAB increased, suggestive of elevated osmotic stress. Overall, despite the high osmolality of ACSH, the ethanologen exhibited only modest expression of genes associated with osmotic stress.
One explanation for the initially modest osmotic stress response in ACSH could be that components of ACSH not present in SynH provide alternative means for cells to mitigate the osmotic stress. Indeed, our NMR analysis of ACSH revealed that glycine betaine is present at 0.7 mM, a concentration previously shown to mitigate osmotic stress (83) . Furthermore, carnitine (0.2 mM), a known osmoprotectant transported by the ProP transporter, and choline (0.7 mM), which can be converted to glycine betaine under some conditions (77), were also detected (see Tables S1 and S5 in the supplemental material). We conclude that ACSH contains compounds that can be exploited to mitigate the osmotic stress of the ethanologen.
Acetate and acetamide stress. Plant cell walls contain many acetyl groups on sugars, which are released as acetamide by AFEX
FIG 5
Growth of GLBRCE1 in ACSH, SynH, and GMM in the presence and absence of amino acid supplements. Growth of GLBRCE1 in GMM, SynH, and ACSH was compared to growth in SynH and ACSH containing amino acids at concentrations three times those measured in ACSH (3ϫ AA) or in SynH lacking amino acids (ϪAA). Error bars represent the range of values for duplicate samples. 3ϫ AA supplements included methionine, cysteine, tryptophan, and isoleucine (see the text).
FIG 6
Effect of amino acids on growth of GLBRCE1 in SynH (black) or ACSH (gray). The final OD 600 of cells grown anaerobically in SynH with or without amino acids (AA) or glycine betaine was measured, and the values from replicate cultures are plotted relative to the value observed for SynH with 1ϫ AA (0.24 OD 600 ) or relative to ACSH alone (2.06 OD 600 ). Unless noted otherwise, AA were added at 1ϫ, 3ϫ, or 8ϫ the concentrations measured in ACSH (see Table S1 in the supplemental material); Proline and glycine betaine alone were added at 0.67 and 2 mM, respectively, to SynH No AA base medium. Tyrosine was not increased in the ACSH ϩ8ϫ AA culture due to its limited solubility. Error bars represent the ranges of values from duplicate assays. pretreatment and may be converted to acetate during hydrolysate preparation. NMR analysis of ACSH revealed 75 mM acetamide and 33 mM acetate, which increased to 41 mM acetate with concomitant decrease in acetamide by the end of the fermentation (see Table S5 in the supplemental material). Although the effect of acetamide on cell physiology is not well characterized, acetate at concentrations greater than 8 mM is reported to reduce the growth rate of E. coli and to be potentiated by increased osmolality (5, 71, 87) . Our analysis of cells grown in ACSH versus SynH identified altered expression for approximately one-third of the genes previously linked to acetate stress (5, 45) , including ACSHdependent upregulation of the hdeA, hdeB, osmY, luxS, fliY, gatY, pfkB, gadW, gadX, metA, and slp genes ( Table 2 ). The limited overlap of our data set of regulated genes with previous studies may result from differences in growth conditions, in that the previous studies were carried out under aerobic conditions and with a nonethanologenic strain of E. coli. However, the similarities in growth rate between cells grown in ACSH and SynH indicate that the acetate and acetamide in ACSH did not greatly impair cell growth.
Ethanol stress. Growth of the ethanologen in ACSH or SynH yielded 15 to 22 g ethanol/liter (330 to 480 mM). Previous results showed that exogenously supplied ethanol at more than 20 g/liter decreases the growth rate of E. coli (34, 35, 88 ; Keating et al., submitted). Further, ethanol sensitivity can directly impact ethanol yield during fermentation of E. coli ethanologens (88) . To determine if the ethanologen experienced ethanol stress during growth in ACSH, we compared gene expression patterns in exponential-, transition-, and stationary-phase ethanologen cells versus cells of the nonethanologenic strain MG1655 (Fig. 4C) . We reasoned that changes in gene expression as ethanol accumulated in transition and stationary phase could identify ethanol stress responses. Indeed, we found that several genes previously associated with ethanol stress were upregulated in the ethanologen (16; Keating et al., submitted). Specifically, expression of pspABCDE, encoding phage shock proteins, and ibpAB, encoding heat shock proteins, increased over the course of the fermentation in both ACSH and SynH media, with sorbitol utilization genes increasing in ACSH as well ( Fig. 4C; Table 2 ). Although differences observed in the osmotic stress response between the two media may account for the differences in the sorbitol response, the similarity of expression in SynH and ACSH of pspABCDE and ibpAB suggests a common cause, the most obvious of which is ethanol stress. Thus, our results support the idea that ethanol stress contributes to growth inhibition in ACSH.
Lignotoxin stress. Hydrolysates prepared from lignocellulose have previously been reported to contain compounds (collectively referred to as lignotoxins) that affect ethanol productivity, overall growth rate, as well as glucose and xylose consumption (48) . These compounds include aromatic carboxylates, like ferulate, coumarate, and salicylate, and aldehydes, like furfural and vanillin. Comparison of gene expression in cells grown in ACSH versus SynH revealed upregulation of diverse stress responses predicted to be associated with lignotoxins, including upregulation of genes associated with small molecule efflux and detoxification of metals and other toxic compounds (Fig. 4D) .
Efflux pumps were a prominent class of upregulated genes in comparisons of cells grown in ACSH and SynH. Examples of these pathways include the aaeAB genes, which encode an efflux system associated with tolerance to aromatic hydroxylates, such as p-hydroxybenzoate and cinnamic acid (85) , and the emrAB genes, which encode an efflux system reported to confer resistance to hydrophobic aromatic compounds such as carbonyl cyanide, m-chlorophenylhydrazone, tetrachlorosalicylanilide and nalidixic acid (53) . Some multidrug resistance (MDR) efflux pumps also were upregulated in ACSH, many of which have been reported to be involved in resistance to hydrophobic compounds and detergents. Upregulated MDR genes include acrB, acrD, and mdtABCGIJM. The acrB and acrD gene products combine with AcrA and TolC to form MDR systems involved in efflux of aminoglycoside antibiotics and polymyxin B, steroid acids such as bile salts, and sodium dodecyl sulfate (SDS), whereas the mdtABCGIJM gene products are involved in resistance to bile salts, aminocoumarins and other aromatic antibiotics, and SDS (41, 61, 63) .
Interestingly, expression of the acrAB and tolC genes is regulated by marA gene, which encodes a global regulator that affects tolerance to antibiotics, organic solvents, and oxidative stress agents (3). Expression of the marAB genes is controlled by the MarR repressor, whose function is antagonized by compounds like salicylate, cinnamate, and ferulate (21, 78; Tang et al., unpublished) found in plant cell wall hydrolysates like ACSH. Thus, the MarABR regulatory system appears to be a key point of control for genes associated with lignotoxin stress and a possible point of engineering for generating stress-tolerant organisms.
Finally, stress responses associated with heavy metals and other toxic compounds were found to be upregulated during growth of the ethanologen in ACSH. Examples of these systems include the cusCFBA genes, which encode a permease involved in export of copper and silver ions (27) , and arsRBC, which have been reported to be involved in resistance to arsenite, arsenate, and antimonite (17, 25) . Although we were unable to determine the concentration of arsenite or related compounds, the concentrations of copper and other heavy metals in hydrolysate were significantly below what has been reported to cause growth inhibition (see Table S2 in the supplemental material). However, these previous experiments were not carried out in concentrated complex media like hydrolysate or anaerobically, and it seems likely that the toxicity of these compounds could synergize with other ACSH-induced stresses to affect cell physiology.
DISCUSSION
The goal of this study was to characterize how E. coli responds metabolically and transcriptionally to concentrated hydrolysates derived from alkali-pretreated lignocellulose, with ACSH as the test case. Rationally engineering microbes to convert lignocellulosic hydrolysates to biofuels requires understanding how microbes respond to these complex mixtures specifically in the anaerobic conditions that optimize retention of hydrolysate energy content in end products. The experiments reported here yielded several results that contribute to this much needed understanding and form a basis for future study. First, robust cell growth that is characteristic of ACSH (47) depends on the presence of amino acids in ACSH, at least for E. coli. Second, even after growth arrest that correlated with depletion of key amino acids, the cells remained metabolically active, and the majority of glucose consumption and ethanol production occurred during this stationary phase. Third, E. coli cells retained metabolic activity in ACSH despite exposure to compound stresses caused by high osmolality, ethanol accumulation, and lignotoxins. By combining knowledge of how E. coli responded to changes in ACSH over exponential, transition, and stationary phases and to stresses caused by ACSH with knowledge of the composition of ACSH over the course of the fermentation, we can propose design improvements to optimize E. coli for anaerobic biofuel synthesis in alkali-pretreated biomass hydrolysates.
Causes of growth arrest in ACSH. An important question is why cells cease growth in ACSH when ample supplies of glucose remain. An ability to control the timing of this growth arrest is an important goal for bioengineering optimal conversion of ACSH to useful products. Understanding the factors controlling growth cessation will allow optimization of the fraction of ACSH energy content used to accumulate cell biomass versus the rate at which the growth-arrested culture converts ACSH components to desired products like ethanol (i.e., making less biomass consumes less sugar but converts remaining sugar to biofuel more slowly). Our results suggest that a combination of factors underlies growth arrest in ACSH.
First, and most certain, amino acid depletion contributes to growth arrest. The passage of E. coli from exponential to transition to stationary phase was mirrored by successive depletion of amino acids from the growth medium (Fig. 3 ) and could be delayed by amino acid supplementation (Fig. 5) . Cells grown in ACSH or SynH containing amino acids at concentrations three times those measured in ACSH achieved a higher cell density before growth arrest than cells grown in the unsupplemented counterparts, and omission of amino acids from SynH precluded cell growth altogether (Fig. 5) . Exactly which amino acids determine growth arrest is less clear, but it is notable that growth arrest in ACSH followed depletion of the major amino acid sources of organic nitrogen (glutamate, glutamine, and aspartate). Consistent with a shift to requiring nitrogen assimilation, we observed a spike in expression of the Ntr regulon during the transition phase (see Table S6 in the supplemental material). Additionally, as the supply of amino acids from ACSH diminished, further growth would have required cells to synthesize them de novo, at a cost ranging from ϳ10 to ϳ75 ATPs/amino acid (1) plus the cost of synthesizing amino acid biosynthetic enzymes.
Consistent with the idea that increased demands for ATP contributed to growth arrest, we observed a dramatic decrease in intracellular ATP concentration in exponential-and stationaryphase cells: the intracellular ATP concentration in the ethanologen declined from ϳ8 mM early in exponential phase (matching values reported for E. coli growing with glucose as a carbon source [11] ) to Ͻ1 mM upon entry into transition phase and to Ͻ0.5 mM in stationary phase (Fig. 3A) . These decreases occurred despite continued conversion of glucose to ethanol in the growth-arrested state, which is predicted to generate 5.2 mM ATP · unit of OD 600 Ϫ1 · h Ϫ1 (Table 1) . Assuming an intracellular volume of 0.67 fl (79), this corresponds to production of ATP at 130 mM min Ϫ1 . Maintaining cell viability even in optimal growth medium is thought to require significant ATP consumption, ranging from 20 to 90 mM min Ϫ1 (80, 86) . Cell growth requires significantly more ATP; even a modest growth rate of 0.1 h Ϫ1 is predicted to require about twice the maintenance flux of ATP (80, 86) . These ATP fluxes required for growth apparently cannot be achieved in ACSH once amino acids are depleted, despite abundant glucose. Given that comparable levels of glucose support anaerobic growth of our strain in less complex media (e.g., GMM), it seems likely that other factors must limit growth either by consuming ATP or by limiting its production.
One possibility is the compounded effect of multiple stresses on E. coli, which could consume ATP, limit ATP production by inhibiting enzymes in the glucose-to-ethanol pathway, or both. Transcriptional profiling identified four possible stresses that might contribute to growth arrest: osmotic stress, acetate stress, ethanol stress, and stresses from components of ACSH, including phenolic compounds derived from lignin and metal ions. The mechanisms by which E. coli responds to several of these stresses are likely to increase the energetic demands for cell maintenance. For instance, the most upregulated efflux pumps (e.g., AaeAB, CusABCF, and the multidrug resistance pumps SugE, EmrAB, and MdtG) are all proton antiporters that would consume ATP to maintain the proton motive force via the F 1 F o ATPase proton pump. Thus, these efflux systems may contribute to an ATP demand that limits cell growth in ACSH, as they help E. coli cope with inhibitory molecules present in the hydrolysate. It is also possible that inhibitors in ACSH directly slow growth by binding to cellular targets such as key enzymes. In the case of metal ions, however, none appear to be present in ACSH at levels that, without other stresses, affect growth of E. coli (14, 69) .
Another possibility that could contribute to growth arrest is redox imbalance, which is a frequent complication of anaerobic metabolism in E. coli when mixed acid fermentation is blocked (42, 74) . The introduction of the Z. mobilis pyruvate decarboxylase pathway corrects the redox imbalance of ethanol synthesis via acetyl coenzyme A in wild-type E. coli (42) , but an increase in pyruvate in the growth medium as cell growth slowed (see Table  S4 in the supplemental material) was consistent with accumulation of intracellular NADH (possibly limiting NAD ϩ for glycolysis). Interference from the complex mixture of compounds present in ACSH has so far prevented us from measuring NADH/ NAD ϩ ratios in cells grown in ACSH, but this is an important question for further study of anaerobic metabolism of ethanologenic E. coli in ACSH.
Osmotic stress and ethanol stress. Two stresses, osmotic and ethanol induced, deserve special mention as potential sources of growth inhibition. Osmotic stress, which is known to affect microbial metabolism at multiple points (67, 83) , is an unavoidable consequence of the high sugar concentrations desirable for lignocellulosic conversion. The accumulation of extracellular proline and of alanine during growth in ACSH is likely a consequence of osmotic stress. Although proline accumulation likely reflected proline's known osmoprotective function (56) , to our knowledge the use of alanine as a microbial osmoprotectant has not been reported. Alanine has been reported to accumulate during osmotic stress in marine invertebrates and cyclostome fish (75) . Furthermore, alanine has been observed to accumulate in plant and mammalian cells under low-oxygen conditions (30, 73) , where it has been suggested to function to prevent acidification of the cytoplasm (26) . Although additional studies are needed, our results suggest that E. coli maintains high alanine levels for some protective function during growth in ACSH, possibly a direct osmoprotectant, like proline, or a precursor to an unknown protective molecule.
Although we observed elevated expression of genes indicative of osmotic stress in SynH (e.g., proVWY, proP, betABT, and otsAB), their expression levels were lower in ACSH. This finding suggests that compounds in ACSH may mitigate osmotic stress. Consistent with this idea, glycine betaine, choline, and carnitine were all identified by NMR in ACSH (see Table S5 in the supplemental material). Although beneficial, import of these osmolytes would place additional energetic demands on the cell. The ProVWX transporter is an ABC transporter that hydrolyzes one ATP per osmolyte imported, whereas ProP, whose gene is expressed at lower levels until stationary phase, is a proton symporter. Thus, engineering increased expression of proP in exponential phase, and possibly lower expression of proVWX, may be a strategy to improve use of osmolytes in ACSH at lower energetic cost. In general, strategies to improve osmotic stress tolerance by E. coli are likely to improve conversion of ACSH to ethanol (57, 83) .
An unexpected finding of our study was the elevated expression of genes associated with ethanol stress at low ethanol concentrations. Although expression of pspABCD, ibpB, srlABDE, and gutM was shown previously to be upregulated by ethanol (34, 35, 88 ; Keating et al., submitted), their induction in ACSH during early stationary phase occurred at lower ethanol concentrations than was typical in the previous studies, which were carried out in laboratory media. It is possible that high osmolality and lignotoxins in ACSH may potentiate the effect of ethanol on E. coli physiology, resulting in stress at lower concentrations of ethanol. Indeed, the growth of the ethanologen in ACSH is slowed by concentrations of ethanol as low as 5 g/liter (0.5%) (data not shown). Although ethanol stress may affect the ability of cells to generate proton-motive force, as reported for Saccharomyces cerevisiae (18) , this effect might not be inhibitory at low ethanol concentrations in optimal medium yet become inhibitory in ACSH due to additional sinks for the proton gradient. Collectively, our results suggest that even relatively low concentrations of ethanol may contribute to growth arrest of E. coli in ACSH. Further study will be needed to determine if ethanol also limits the glucose conversion rate after arrest or if the effect of accumulating ethanol can be exploited to help control the point of growth arrest.
Changes observed in E. coli gene expression in ACSH suggest design strategies for improved ethanologens. A key challenge in metabolic engineering of E. coli for improved conversion of lignocellulosic hydrolysates like ACSH to useful products such as ethanol is the lack of means to control gene expression by design. Conventional strategies for gene regulation in biotechnology use changes in temperature and the addition of compounds like isopropyl ␤-D-1-thiogalactopyranoside (IPTG), anhydrotetracycline, or arabinose, which are cost-prohibitive in biofuel applications or whose effect will be confounded by compounds present in hydrolysate. Our analysis of gene expression in exponential, transition, and stationary phases of E. coli grown in ACSH suggests an alternative strategy relying on natural changes in gene regulation that occur during these growth phases. In essence, well-characterized promoter/operator sequences for genes that exhibit desired regulation could be used to drive phase-specific expression of transgenes. For example, araB, under the control of P BAD and the AraC regulator, is on in exponential phase but turns off in exponential and stationary phases. The trp operon genes, controlled by the trp promoter and TrpR repressor, are off in exponential and stationary phase but upregulated ϳ6-fold in transition phase. Expression of argA and argC, which is controlled by the ArgR repressor and S , is off in exponential and transition phase but upregulated 50-to 100-fold in stationary phase. These specific patterns of expression will allow selective on-and off-regulation of "programmable gene cassettes" in E. coli cells at different phases of ACSH fermentation without exogenous effectors simply by placing the appropriate promoter regions at the 5= ends of the gene cassettes. This could, for example allow expression of genes for osmolyte synthesis to be expressed during exponential phase, when energy supplies are more abundant, and repressed in transition phase, stationary phase, or both. Further study of the metabolic and gene-regulatory responses of E. coli to the complex and changing composition of concentrated hydrolysates like ACSH will facilitate implementation of this nativesignal gene regulation strategy, will help define the chemical composition of these hydrolysates, and will provide a more complete understanding of how anaerobic physiology adjusts to these important cellular substrates. Upper panel. SynH media was prepared either without amino acids, supplemented with amino acids to a concentration equivalent to what was measured in ACSH, supplemented with all amino acids at a concentration equivalent to 3X the concentration that was detected in ACSH, individual amino acids or groups of amino acids at a concentration equivalent to 3X the concentration that was detected in ACSH. "SynH-AA", refers to synthetic media in which amino acids were omitted, "SynH + 3x Amino Acids_all" refers to synthetic hydrolysate supplemented with amino acids at present at 3X the concentration that was detected in ACSH. Letters at bottom of figure refer to single letter codes for amino acids. Cells were cultured under anaerobic conditions in a microplate reader as described in Materials and Methods. Lower panel. Growth of ethanologen in ACSH supplemented with individual amino acids, groups of amino acids, and osmolytes. Concentrations of amino acids were the same as described for upper panel. Fermentations of the ethanologen were carried out in bioreactors (200-400 ml) in ACSH and supplemented ACSH as described in Materials and Methods. Values on graph represent maximum optical density. Single letters listed on graph refer to single letter codes for amino acid. (b) For ACSH and GMM, was not added to the synthetic medium (c) Malate, acetamide, glycine betaine, choline, carnitine not detectable via the methods used for endproduct analysis.
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(d) Not determined. Concentrations of ions metals available in Table 2 .
(e) Salts were added to medium during preparation (f) Concentrations of nucleosides not determined. Concentration in SynH was added during medium preparation (g) Concentrations of vitamins and micronutrients not determined in ACSH. Concentration in SynH was added during medium preparation 
